with high sensory and nutritional qualities (Siddiqui & Rahmanand, 2015) . Sterility is not guaranteed during the handling of vegetables, and this can reduce the shelf life of the finished product. In fact, due to the moisture loss, accelerated enzymatic activity, and microbial proliferation (Lucera, Costa, Mastromatteo, Conte, & Del Nobile, 2010) , cut vegetables are subject to more rapid deterioration processes (Conte, Scrocco, Brescia, & Del Nobile, 2009 ) and microbial contamination. Despite to the increasing number of foodborne outbreaks caused by the consumption of fresh vegetables, in recent years some studies have focused on observing and predicting the growth of natural microflora and, particularly, pathogens in RTE lettuce (Sant'Ana, Franco, & Schaffner, 2012; Tsironi et al., 2017 ). Previous reviews have described the survival of pathogenic bacteria such as E. Coli O157:H7 and Salmonella on different RTE vegetables, but the colonization of lettuce by Listeria has received limited attention (Kyere, Palmer, Wargent, Fletcher, & Flint, 2019) .
Listeria monocytogenes is a foodborne pathogen that worries manufacturers of RTE foods because of its wide distribution in the environment and capacity to survive at refrigeration temperatures at low O 2 levels (Carrasco, Perez-Rodriguez, Valero, Garcià-Gimeno, & Zurera, 2008) . L. monocytogenes has the ability to survive in wet environments for long time without significant decrease in microbial load. A listeriosis outbreak occurring in United States, from July 2015 to January 2016, was linked to a L. monocytogenes isolate from packaged salad collected at retail, that was closely related by whole-genome sequencing (WGS) isolated from ill people (FDA, 2017) . Recently, an outbreak of L. monocytogenes infections related to frozen corn and probably to other frozen vegetables has been ongoing in five European Union Member States (Austria, Denmark, Finland, Sweden, and the United Kingdom) since 2015. The detection of L. monocytogenes indicates that this strain could be persisting in the environment of the processing plant after cleaning and disinfection procedures carried out during periods of no production (EFSA, 2018) . In this, just like in other occasions related to different foods (Magalhães et al., 2015; Marini, Magi, Vincenzi, Manso, & Facinelli, 2016; WHO, 2018) , the long-time persistence in the processing environments could be related to the ability to form biofilm on any surface, that leads the bacterium to survive under unfavorable conditions (Meloni et al., 2012) . Washing and radiation treatments are able to reduce L. monocytogenes colonization; however, these control steps cannot be effective at all times as both bacterial properties and condition of lettuce plants are important factors to consider (Kyere et al., 2019) . The European Union Food Law identifies the Food Business Operator (FBO) as the principal responsible for his production process, and accordingly, he required to evaluate, by means of documented scientific methods, the hazards to human health related to the consumption of his own products. In addition, the FBO must know the risks associated with its production, has to evaluate the foods and determine its durability under foreseeable and correct storage conditions along the entire food chain (shelf life), and included domestic storage time. To set up the shelf life of their products, FBOs could perform microbiological challenge tests, to validate the entire production process and storage of the foodstuffs. Furthermore, the possibility of carrying out challenge tests is expressly provided by EC Regulation 2073/2005, which requires the FBO to ensure compliance with the microbiological criterion for L. monocytogenes of 100 cfu/g in foods that support the growth of this microorganism also by carrying out studies "to evaluate the development or survival of the microorganisms in question that may be present in the product during production and the shelf life, under reasonably foreseeable conditions of distribution, storage" (Regulation (EC) No. 2073 No. /2005 . A microbiological challenge test assessing maximum growth rate (μmax) of L. monocytogenes in a food is a laboratory-based study able to calculate the rate of the growth in an artificially contaminated food stored at a defined temperature. The growth of L. monocytogenes in foods is linked to many factors such as stress applied to the strains, the characteristics of the strains, NaCl content, pH, water activity (a w ), food composition, in association with microflora, antimicrobial constituents, and extrinsic properties like packaging gas atmosphere and temperature storage (EURL, 2014) . The present study was a part of a research project founded by the Italian Ministry of Health, to assess the risk for the Italian consumer to various pathogens contaminating readyto-eat products (RTE) not submitted during processing to steps able to ensure microbiological safety, as RTE fresh vegetables packaged in modified atmosphere (MAP). The aim of this work was to carry out a challenge test in a RTE iceberg lettuce to study the kinetics of natural microflora and L. monocytogenes, that frequently contaminates vegetables and whose survival is strongly influenced by the product's storage temperature. Based on the data obtained from challenge tests, a mathematical model was developed and applied, useful to predict L. monocytogenes growth kinetics in RTE fresh vegetables during their shelf life, assuming different temperatures of storage as reported by Iannetti et al. (2017) for food of animal origin.
| MATERIAL S AND ME THODS

| Experimental plan
For this study, a total of 94 minimally processed packed iceberg lettuce (weighing 100 g each) were bought at retail on day one of production. All the packages belonged from the same production batch.
Samples were transported at 4 ± 2°C to the laboratory located at the Istituto Zooprofilattico Sperimentale dell'Abruzzo e del Molise (IZSAM) and stored at 4 ± 2°C for 24 hr. The challenge test lasted 10 days, storing the iceberg lettuce at 8°C and 12°C, 6 days longer than their shelf life. To carry out the study, 68 samples were contaminated with L. monocytogenes, and 34 were stored at 8 ± 2°C and 34 at 12 ± 2°C; conversely, the last 26 packs were used as control samples, and 13 were stored at temperature of 8 ± 2°C and 13 at 12 ± 2°C.
| Preparation of the inoculum
A suspension of two different strains was used as inoculum, composed by the reference strain ATCC 7644 and the EURL strain 12M0B098LM (Guillier, Lardeux, Michelon, & Ng, 2013) . The preparation of the inoculum was done following the European Reference Laboratory for L. monocytogenes guideline (EURL, 2014) with some modifications (concentration of the inoculum and use of a mix of two L. monocytogenes strains). The challenge test was initially carried out to assess the growth potential, and then, it seemed more interesting to calculate the maximum growth rate, knowing that the use of two L. monocytogenes strains, instead of one, would not have influenced the result of the study. The strains, stored in Microbank™ (Pro-Lab Diagnostics) at −80°C, were individually revitalized at 37 ± 1°C for 18h in BHI broth (Brain Heart Infusion, Sigma-Aldrich Co. LLC.). In order to get adapted to the storage temperature of the product, new subcultures were set up in BHI broth and incubated at 8 ± 1°C and 12 ± 1°C until reaching the stationary phase of each bacterial strain (EURL, 2014; NACMCF, 2010) . The inoculum suspension was then prepared, consisting of equal parts of liquid cultures of the two selected strains.
The mixture was enumerated according to ISO 11290-2:1988/Amd.
1:2004. The suspension was subsequently diluted (saline water) to
obtain a concentration of 10 3 CFU/g in the product.
| Contamination method
Contamination of the packages was done accordingly with the Guideline of the European Reference Laboratory for L. monocytogenes (EURL, 2014). The contamination was performed with the septum method; three points ( Figure 1 ) of inoculation were identified, and on each point, a rubber septum was placed. The contamination of the packages was carried out with a syringe, distributing 1 ml of mixed bacterial suspension (0.3, 0.3, and 0.4 ml to a 1% of the weight of the products). Each septum was then sealed with another septum to assure the closure of the hole of the package. To ensure homogeneous contamination within the product, the packs were shaken manually for 1 min. Equal amount of saline water (IZSAM) was injected in control samples.
| Samples preparation and analytical determinations
The samples were tested at preset times (D = days), up to the twelfth day after production. D0 was the day of contamination, carried out two days after production (the shelf life of the product was 8 days and 4 days of extended shelf life). At each sampling time, 2 packs were analyzed for each storage temperature. In contaminated samples, sampling was performed once at D0, twice a day (at 8 a.m. and at 5 p.m.) from D1 to D6, and once from D7 to D10 and tested for detection and enumera- at 37 ± 1°C for 48 ± 2 hr. After incubation, the typical colonies (black, glossy black, or gray) were counted, and five colonies were then isolated on plates of blood agar and subjected to confirmatory tests (Gram staining and glucose fermentation). The pH was measured according to ISO 1842:91, and a w determination was performed with AquaLab 4 TE (METER Group, Inc.), in accordance with ISO 21807:2004. For a w determinations, 50 g of sample was cut and homogeneously transferred into a plastic cup. Then, the cups were inserted into the measuring probe.
| Calculation of maximum growth rate (μmax) and Predictive model
The calculation of maximum growth rate (μmax in natural logarithm) at 8 and 12°C was done using DMFit software (ComBase, 2018a) . Prediction of L. monocytogenes concentrations at 4, 8, 12, 14, and 16°C was done according to Iannetti et al. (2017) , but considering a stable, growth supporting environment for the whole duration of the retention period. Fresh vegetables are characterized by a very high water activity during the entire storage period and a pH that does not undergo large variations. Therefore, in this case the environmental conditions were ideal for the development of L. monocytogenes during the entire period of conservation, which was relatively limited and therefore not sufficient to induce a depletion of food resources and thus to generate competition F I G U R E 1 Contamination with septum method in 3 points with the autochthonous microbial flora. It was therefore sufficient to consider a only growth secondary predictive model, based on the application of the simple polynomial model (1) for the estimation of the change in the growth rate μ with changes in environmental conditions, in this case the only storage temperature, the pH, and the bw being static.
The polynomial model applied was as follows:
In particular, for the prediction of L. monocytogenes growth, the primary model from Baranyi and Roberts (1994) was used, taking into account the value h0, indicative of the previous cell history, for the definition of the duration of the lag phase. The effects of the environment were added through a simple polynomial secondary model where the environment is characterized by three variables: temperature (T), pH, and bw b w = √ 1 − a w . The last variable is a modified version of water activity (a w ) according to Gibson, Baranyi, Pitt, Eyles, and Roberts (1994) .
The coefficients of the model (a0, a1, a2...) were specific for L. monocytogenes, drawn from ComBase (Combase, ) , and were derived from experiments carried out in culture broths where the microorganisms found the best growth conditions. The effect of the difference between the growth rate obtained from the model (1) based on coefficients determined by the culture broth and the actual growth rate found in RTE salads was considered by applying a bias factor (Baranyi, Pin, & Ross, 1999 ). In the model was developed a lettuce/broth culture bias factor greater than the most proba- 
| RE SULTS AND D ISCUSS I ON
The experiment allowed to evaluate the trend of chemical-physical characteristics and microbiological dynamics in RTE, MAP iceberg salad at two different temperatures (8°C and 12°C).
| Chemical-physical analysis
The determination of a w has given almost constant results until the end of the challenge test. In the packs stored at 8°C, the mean value of a w at D0 was 0.998 ± 0.001. In all samples, the trend was constant up to D5, but at D7 a gradual decrease was detected at both temperatures. At the end of the challenge test (D10), the mean value of a w obtained was 0.995 in samples stored at 12°C and 0.998 in those stored at 8°C. The pH was in average at values around 6.5, with a swinging trend: The value was at D0
6.85 ± 0.05, and then, the values showed at D2 a decrease at 8°C (6.37 ± 0.01) and at 12°C (6.48 ± 0.01), and later, the values increased to 6.81 ± 0.02 in samples stored at 8°C and to 6.63 at D10
in samples stored at 12°C.
| Microbiological analysis
The Listeria monocytogenes counts obtained from the inocula were 4.51 log 10 CFU/ml for the samples stored at 8°C and 4.63 log 10 CFU/ ml for the samples stored at 12°C. Contamination levels higher than those indicated in literature for naturally contaminated RTE vegetables were used. Little et al. (2007) , in their study, found a maximum level of contamination of 990 CFU/g of L. monocytogenes in a sample of prepackaged mixed raw vegetable salad. Soderqvist (2017) (Carrasco et al., 2008) . In all tested samples, Micrococcaceae, Bacillus cereus, and positive coagulase staphylococci concentrations were below the detection limit of the method (10 CFU/g). Also, lactic acid bacteria (LAB) concentrations were lower than the detection limit, in contrast with Carrasco (2008) that found an initial concentration of LAB between 1.6 and 3 log 10 CFU/g in RTE iceberg lettuce. This difference may be due to the fact that the modified atmosphere inside the packages could select bacteria able to grow under such atmosphere. The trends of total viable count (TVC) are reported in Figure 2 . The mean values of the TVC obtained at D0 were 3.52 ± 0.08 log 10 CFU/g. Other authors reported TVC between 10 4 and 10 6 CFU/g (King, 1991) . In samples stored at 8°C, TVC increased slowly from D2 along the entire storage period reaching at D10 a mean concentration of 7.01 ± 0.03 log 10 CFU/g. In the samples stored at 12°C, a higher TVC was observed, reaching an average value of 7.57 ± 0.13 log 10 CFU/g at D10 (Figure 2a ). The
Enterobacteriaceae count was 2.19 ± 0.15 log 10 CFU/g at the beginning of the trial, similar to the level observed by Skalina (2010) that was from 1.7 to 1.9 log 10 CFU/g. The trend of Enterobacteriaceae in samples stored at 8°C had a slight increase throughout the experiment, reaching an average value of 5.53 ± 0.03 log 10 CFU/g at D10.
At 12°C, a faster increase in Enterobacteriaceae concentration was observed, reaching at D10 average values of 6.64 ± 0.06 log 10 CFU/g (Figure 2b ). Similarly, Rocourt (2003) (1)
obtained at 8°C and 12°C for the enumeration of Pseudomonas spp.
highlighted an increase in concentration. These microorganisms, because of their psychrophysiology, can pose a risk for the consumer.
The trend of Pseudomonas spp. increased during the shelf life test reaching at D10 mean values of 5.41 ± 0.06 log 10 CFU/g in salads stored at 8°C and 5.63 ± 0.05 log 10 CFU/g in salads stored at 12°C.
The trends of yeasts and molds are reported in Figure 2d . The average concentration of yeasts and molds at D0 was 3.53 ± 0.21 log 10 CFU/g. During the storage period, for the two temperatures considered, a continuous and gradual increase in the concentration of yeasts and molds was observed until D10. At D10, the mean value found was 6.45 ± 0.07 log 10 CFU/g in samples stored at 8°C and 6.81 log 10 CFU/g ± 0.04 log 10 CFU/g in samples stored at 12°C.
L. monocytogenes was not found in control samples. In Figure 3a , concentration of L. monocytogenes in artificially contaminated samples is reported. At D0, the mean values found were 3.59 ± 0.06 log 10 CFU/g. At D7 and at D8, there was an increase in about 1.5 log 10 CFU/g (5.10 ± 0.06 log 10 CFU/g), while at 12°C it was of about 2.3 log 10 CFU/g (5.90 ± 0.05 log 10 CFU/g). The trend of L. monocytogenes in samples showed a gradual increase, to a maximum of 5.20 log 10 CFU/g at D8 in samples stored at 8°C and to 6.43 log 10 CFU/g at D9 in those stored at 12°C. Noor (2015) conducted a challenge test study on chili, onion, capsicum, and coriander, contaminating these with various bacteria including Listeria spp. and preserving these at room temperature. After 15 days of observation, the microbial growth was declined from the initial load so the survival of pathogenes in vegetable samples raises the necessity of maintaining proper sanity condition during handing and storaging. In chili samples, the bacterial load was reduced more than 2 log, in onion samples nearly 3 log, in capsicum samples more than 2 log, and in coriander samples nearly 3 log. Carrasco (2008) observed an increase of 3 log CFU/g of L. monocytogenes in RTE MAP lettuce stored at 13°C after 7 days of storage, and of 4.85 log 10 CFU/g after 14 days, with no lag time. A slight decrease in the concentration of L. monocytogenes was observed at the end of the study, reaching at D10 an average value of 4.85 ± 0.08 log 10 CFU/g at 8°C and 6.29 ± 0.03 log 10 CFU/g at 12°C. The maximum growth rate (μmax) calculated at 8°C was 0.0104 ± 0.00184 log 10 CFU/g/h and at 12°C was 0.0183 ± 0.00223 log 10 CFU/g/h.
| Predictive model
As determined by the shelf-life studies, the iceberg lettuce was characterized by a very high, stable a w , considered for simplicity of 1, throughout the experiment. Even pH showed no significant variation, with an average value of 6.5-6.6. Therefore, environmental conditions were suitable for the development of L. monocytogenes during the entire retention period, which was relatively limited and not sufficient to induce a depletion of trophic resources and thus to compete with native microbial flora. It was first considered a primary model for the definition of the maximum growth rate (μmax) and the lag phase, and later, it was estimated by a secondary model how the growth rate was influenced by the temperature of preservation, being static the pH and a w . The difference between the values of the mathematical model and those observed at 8°C and 12°C was minimal (<0.5 log 10 UFC/g). The Wilcoxon matched-pairs signed-rank test confirmed the absence of statistically significant differences (p > .05) between observed and predicted values both at 8°C (p = .85716) and at 12°C (p = .9124). The model was therefore considered applicable in a satisfactory way to predict growth kinetics in RTE MAP lettuce during shelf life up to D10, at different temperatures. Figure 3b shows the predictions for the concentration of L. monocytogenes in RTE salads at 4°C, 10°C, and 14°C. According to this model, an increase in storage temperature of 6°C (from 8 to 14°C) would lead to concentration of L. monocytogenes at D6 (144 hr) almost 3 log 10 CFU/g higher compared with 8°C. Conversely, storage at 4°C would allow to increase the number of L. monocytogenes from 3.30 log 10 CFU/g at D0 to 3.60 log 10 CFU/g at D10, with a growth of only 0.3 log 10 CFU/g. especially Pseudomonas spp. in such products, can pose a risk to the consumer health. Based on the data obtained, RTE iceberg lettuce supports the growth of L. monocytogenes, and therefore, for consumer safety, it is advisable to store the product at a temperature of 4°C to limit bacterial proliferation. As confirmed by predictive models, in the case of abuse temperature as generally occurs in domestic kitchen, this product should be stored at maximum at 8°C (including storage at retail), for a period not exceeding 6 days from the date of production. Therefore, any prolonged thermal abuse in the distribution chain or even domestically could give rise to a significant increase in the risk for the consumer. This is true also in case of RTE produce with less than 5 days of shelf life, which are currently not considered as risk products for L. monocytogenes according to EU legislation. Performing challenge tests on RTE products should be highly recommended, also in order to generate data for the production and validation of predictive models, as valuable tool to be used in risk analysis activities. 
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